The angular velocity of the input link of a mechanism fluctuates due to the inertia of links and the external forces, although it is generally assumed constant in design. The control of the crank angular velocity of a four-bar mechanism driven by a DC motor by moving sliding mode control is considered in this study. A time-varying slope is proposed based on the error state. The mathematical model of the motor-mechanism system is derived using Eksergian's equation of motion. First, the state space equations are solved numerically for constant motor voltage to show the velocity fluctuations of the crank. Then both the conventional sliding mode control method and the proposed moving sliding mode control method are applied to obviate this unwanted velocity fluctuation. The method is verified by numerical simulations as well as experimental studies. The results of both the sliding mode control and the moving sliding mode control methods are compared. It is shown that a moving sliding surface in the sliding mode control increases the robustness of conventional sliding mode control by decreasing the reaching time. Also, the performance of the moving sliding mode control against parametric variations and external disturbances is experimentally investigated by adding a mass and applying an unexpected force on one of the links of the mechanism.
Introduction
Four-bar mechanisms, which have four rigid links and four revolute joints, driven by a DC motor, are commonly used in a variety of real-world applications. In general, the angular velocity of the crank of the mechanism is assumed to be constant. But the reaction torque of the crank varies due to the external forces and the inertia of links of the mechanism and as a result the velocity of the crank is fluctuated. Hence, the expected behaviour of the mechanism such as timing requirement can be altered and its performance is reduced. [1] [2] [3] Therefore, in order to design a highaccuracy machine system, the correction of speed fluctuations is very important. Although using the flywheel for the mechanical system corrects the speed fluctuations slightly, the changing of motor voltage or current according to the speed error to control motor speed is very popular. Tao and Sadler 4 developed some control strategies based on proportional-integral-derivative (PID) control theory to reduce the crank angular velocity fluctuations of a four-bar mechanism driven by a DC motor and coupled a gearbox. It was shown by numerical simulations that crank speed fluctuations can be reduced substantially adjusting the DC motor voltage using feedback control.
Since PID controller is very sensitive to the nonlinearities, the tuning of the PID gains properly is quite difficult. During the past decades, to increase the capabilities of PID controllers, many artificial intelligence (AI) techniques such as neural networks (NNs), fuzzy systems and fuzzy neural network (FNN) have been employed. [5] [6] [7] Gu¨ndog˘du and Erentu¨rk 8 used a fuzzy logic controller (FLC) to regulate crank speed fluctuations of the four-bar mechanism driven by a DC motor. Performance of the proposed method was compared with the optimum PID control method suggested in Tao and Sadler. 4 It was shown that the FLC method is more efficient and robust than the PID control. In their study, it was observed that the rise time to steady-state condition was very fast without a large overshoot and the percentage of speed fluctuations was very low compared to open-loop responses and PID controller cases.
The drawbacks of PID control such as sensitivity to nonlinearity can be avoided by sliding mode control (SMC) which has been used effectively in many control areas recently. SMC constitutes choosing the sliding surface and determining the control law for the state variables to move on the sliding surface. S xevkat and Telli 9 applied the SMC to the four-bar mechanism driven by a DC motor and compared the results with those of Tao and Sadler 4 and Gu¨ndog˘du and Erentu¨rk. 8 They adopted a filter in order to alleviate the chattering phenomenon in SMC. It is concluded that the performance of the SMC is better than that of nonlinear PID and FLC. The performance of the SMC strictly depends on the control gain. When the control gain is large, the reaching time to the sliding surface from the initial state is minimized. But the chattering phenomenon, which is undesirable for practical applications, occurs for large values of the control gain. One way to alleviate the chattering phenomenon is to employ a boundary layer, which includes the uncertainties around the sliding surface. But this approach degrades the robustness. However, the bound of the uncertainties is difficult to obtain beforehand for practical applications. Fung et al. 10 applied SMC for position control of a crankslider mechanism driven by a PM synchronous servo motor. They utilized a simple fuzzy inference mechanism to estimate the upper bound of uncertainties for SMC. It was shown that the proposed method has robust control performance to parametric variations and external disturbances. Then Fung and Shaw 11 presented a method named as region-wise linear F-SMC in order to increase the performance of the controller by minimizing the number of fuzzy rules. Lin et al. 12 added a supervisory controller to FNN-SMC controller presented in Kao et al. 7 in order to stabilize the system states around the bounded region. Lin and Wai 13 adopted an online-trained FNN to estimate the bound of uncertainties in real time. Hwang and Kuo 14 designed a stable F-SMC for highly nonlinear systems. The uncertainties were assumed to be large enough and an adaptive fuzzy model was employed to model them. An equivalent control using the known part of system dynamics and the learning fuzzy model is designed to achieve the desired control behaviour. The verification and usefulness of the proposed control were demonstrated by the simulations and experiments of velocity control of the four-bar linkage system. Then, Hwang and Hsieh 15 designed an estimator for the tracking error to obtain a sliding surface and to decrease the number of unknown nonlinear functions required to learn. Koca et al. 16 used SMC in conjunction with type 2 fuzzy logic for the control of crank angular speed of a four-bar mechanism driven by a DC motor. The proposed method reduces the number of fuzzy rules. Recently, Al-Jarrah et al. 17 investigated, experimentally, the dynamic performance of the four-bar mechanism driven by a geared DC motor under different operating conditions using various control schemes such as filtered PID, filtered SMC, filtered FC and filtered genetics-based reinforcement neuro-controller.
Another way to improve the robustness of SMC is to rotate and/or shift the sliding surface during control action which is called as moving sliding mode control (MSMC) proposed by Choi and colleagues. 18, 19 SMC with a moving sliding surface (MSS) has a robust and fast response. The MSS was designed to pass the initial conditions at first and subsequently moved towards a predetermined sliding surface by rotating and/or shifting. Employing the MSS, it is possible to lessen the sensitivity of the system to extraneous disturbances by means of shortening the reaching phase without increasing undesirable chattering of the control signals. Furthermore, the reaching phase can be almost eliminated by increasing the dwelling time of the surface, hence guaranteeing system robustness during the whole interval of the control action. Due to these advantages of MSMC, it has various applications in engineering. [20] [21] [22] [23] However, some researchers proposed a different time-varying sliding surface. [24] [25] [26] [27] In this article, MSMC is employed to control the velocity of the input link of a four-bar mechanism driven by a DC motor. A simple time-varying sliding surface slope is proposed. The results are compared with those of conventional SMC. Also, an experimental study was performed to demonstrate the performance of the method in the real applications. However, the robustness of the method against parametric variations and external disturbances is investigated.
In what follows, the equation of motion of the motor-mechanism system is built up and represented in the state space. Then the theories of the conventional SMC and MSMC are introduced briefly. Next the effectiveness of the proposed MSMC method is demonstrated by the numerical simulation proposed in Tanyıldızı and C xakar. 28 Then an experimental study with comparisons is given. In the last section, the results are concluded.
Mathematical model of a DC motorgearbox mechanism system
The kinematic diagram of the rigid four-bar mechanism with a DC motor and a gearbox is depicted in Figure 1 . Output shaft of the gearbox is coupled to link 2. The lengths of the links are given by r i (i = 1-4). The angular position of the input link 2 is represented by q and the angular positions of the other moving links are described by f 1 and f 2 . G i and c i (i=2,3,4) are the mass centres of the links and the distance of the mass centre of the link i to the close joint, respectively.
The mathematical model of a DC motor including a geared speed reducer with the velocity ratio n is given by Sadler et al.
where V a is the input voltage; R a , L a and i a (t) are the armature resistance, the armature inductance and the time-dependent armature current, respectively; K g is the constant for the motor voltage and n defines the velocity ratio of the input shaft to the output shaft of the gearbox such that n . 1. On the other hand, the output torque of the DC motor-gearbox system is given by
where J is the mass moment of inertia of the rotor including the mass moment of inertia of the gearbox which reduced to the motor shaft; B is the viscous damping at the bearings; K m is the constant of motor torque; T m = K m i a is the torque generated by the motor; and T f represents the torque due to mechanical losses such as brush friction, gear friction and dry bearing friction.
Eksergian's generalized equation of motion for a single-degree-of-freedom system is given by Paul
where q is the independent or generalized coordinate and _ q and € q are its time derivatives. For the four-bar mechanism, they correspond to the angular position, velocity and acceleration of the crank, respectively. = is the equivalent inertia; the term 0:5(d==dq) is called as the centripetal coefficient and Q is the equivalent force. The equivalent inertia is determined from the kinetic energy of the mechanism in the form of E K = 0:5= _ q 2 and it can be written for the four bar mechanism as
and the centripetal coefficient is determined as
where m i and I i are the mass and the mass moment of inertia of the link i, respectively; u i and v i are the x and y components of the velocity influence coefficients for the mass centre of the link i in Cartesian coordinate system; u 0 i and v 0 i define the components of acceleration influence coefficient which are the derivatives of the velocity coefficient with respect to the independent variable q; and h i and h 0 i are the velocity and acceleration coefficients corresponding to the rotation of the link i, respectively. The equivalent force can be determined from the virtual power principle (
where F x i and F y i ( j = 1,2,.,m) are the components of external or active force; u Fj and v Fj are the x and y components of the velocity influence coefficients of the point at which the external force F j acts. In this study, the external forces F j are not included and the input torque acting on the crank T 2 is the active force only, so the generalized force is Q = T 2 . It should be noted that the nonconservative and dissipative forces can be included in equation (6) when they are presented. The necessary velocity and acceleration influence coefficients of the four-bar mechanism are calculated and given in Appendix 1.
Equations (1) and (3) represent the mathematical model of the DC motor-gearbox mechanism system. For the solution of this equation set, the fourth-order Runge-Kutta method is employed in this study. For this, the new state variables x 1 , x 2 and x 3 are introduced as
and then the state space equations can be written as
SMC design
SMC is known as a variable structural control method robustly controlling complex high-order nonlinear systems. The most important advantage of SMC is the insensitivity to parametric variations and external disturbances. In SMC, the user chooses a sliding surface in the state space and the control law forces the state variables to get close to the sliding surface and to slide towards the origin. For a second-order system, there is a sliding surface defined below
where c is a strictly positive real constant which determines the slope of the sliding surface and e 1 and e 2 are the tracking errors defined in the state space as
where x d is the desired trajectory. Equation (9) is a linear homogeneous differential equation for s = 0. In this condition, c is the pole of this equation and the error reaches asymptotically zero for the positive value of c for any initial condition provided that there exists a control law. In order to obtain a control law, a Lyapunov function, which is defined as V(s) = 1/2s 2 with V(0) = 0 and V(s) . 0 for s . 0, can be used. Consequently, the stability in the sliding mode condition is guaranteed and a good tracking performance can be achieved for dV =dt = s_ s 0.
The general control rule can be chosen as
where u(t) is the control input and K is a strictly positive real constant with a lower bound depending on the estimated system parameters. Note that, in this study, the control input is the motor voltage, V a , and in the simulations a voltage limit is used to avoid damage to the motor. The control input with the sign function is the discontinuous control law that requires infinite switching on the sliding surface. In this way, the trajectory is forced to always move towards the sliding surface. The switching control signal has an important disadvantage of SMC which is known as chattering. To eliminate chattering, the sign function can be changed by saturation function which can be defined as
where e is a constant which introduces a boundary layer around the switching surface.
MSMC design
In conventional SMC, the sliding surface is fixed with a constant slope of nonoptimal or optimal value of c in the error state space. Hence, if the representative point lies in the stable zone, that is, the second and fourth quadrants in the phase plane, then the absolute value of e 2 (t) becomes small for a fixed gain of K when large values are chosen for c. This yields a longer reaching time to the surface s(t). On the other hand, if a small value for c is chosen, the convergence speed on the surface itself will be slow, leading to a longer tracking time. Therefore, if an appropriate small value for a time-varying slope c is chosen, fast tracking will be achieved without increasing the gain K. This is the key feature of the MSS proposed in Choi and Park. 18 The surface is initially chosen to pass arbitrary initial conditions, and the surface is subsequently moved towards the predetermined sliding surface. When the reaching phase is achieved, the movement is terminated and the sliding phase continues with a constant slope value as the conventional SMC. The movement can be executed by rotating/shifting the slope c as shown in Figure 2 . Rotating is proposed in the stable zone, while shifting is proposed in the unstable zone. In this article, MSMC with the rotating type of sliding surface is adopted for velocity control of the four-bar linkage. An MSS is proposed such that its time-varying slope is defined as follows
where c 0 is a positive constant and t r is the time where the reaching phase is completed. Essentially, the error ratio e 2 (t)=e 1 (t) in the equation corresponds to the slope of a surface which satisfies s(t) = 0 at any time t. By adding c 0 , a neighbour of this surface is taken to eliminate nonidealities, such as delays. In this way, the surface approaches the representative point and the reaching time is shortened. On the other hand, if the sign of the ratio is negative this means that the error is decreasing and vice versa. However, as the velocity error approaches zero, the magnitude of the ratio and consequently the slope of the surface grow. It should be noted that, when the mechanism starts to run at zero velocity and acceleration, the velocity error has a negative sign and the acceleration error is zero. Hence, c 0 with a positive value guarantees that the sliding surface is in the stable zone. c 0 is the minimum or the initial value of the slope in this case. On the other hand, at the beginning of the reaching phase, the velocity error decreases, while the acceleration error increases to compensate for the velocity error at first. Then the acceleration error decreases as the velocity error approaches zero. Consequently, the slope changes from a minimum value c min to a maximum value c max which are determined by the error ratio at the initial time t 0 and at the final time of the reaching phase t r , respectively. After the reaching phase is achieved, the movement of the slope is terminated and fixed at its last value. After that, because the sliding phase starts a large positive constant value of c, the velocity error will approach zero asymptotically.
Numerical simulations
For the numerical simulation, a four-bar mechanism and a DC motor without gearbox is considered. The parameters of the motor-mechanism system shown in Figure 1 are given in Table 1 . 4, 9 The state space representation of the four-bar mechanism and the motor system is simulated using the Runge-Kutta method. A MATLAB code is implemented for the integration of equations of motion given in equation (8) . The system is simulated for a 5-s duration with 5 3 10 24 s time step where the motor voltage is 30 V. The crank angular position and velocity are set to '0' (zero) for the initial conditions. The time history of the crank velocity (v 2 = _ q) for 2 s is plotted in Figure 3 . It is seen that the velocity of the crank fluctuates between 34.903 and 39.465 rad/s after a high level of overshoot.
It is desired that the crank rotates with 30 rad/s constant velocity. To achieve this, both SMC and MSMC methods were applied and the results were compared. The errors e 1 and e 2 are calculated by subtracting the velocity and acceleration values from their desired values at each time step. For the conventional SMC, the parameter c is chosen as 80 which was taken from S xevkat and Telli. 9 It should be noted that, although the conventional SMC with a filter is used in Kao et al. 7 and S xevkat and Telli, 9 it is strengthened with the saturation function to eliminate chattering in this study.
The block diagram of the system with MSMC is shown in Figure 4 . For the MSMC, the errors were calculated first, then the specific c values were calculated for each error state satisfying s(t) = 0 by means of equation (13), where c 0 = 6 and t r = 0.0293. The value of t r was taken to be slightly smaller than the rise time of the conventional SMC. In this example, the rise time for conventional SMC was found to be 0.0303 s. The control voltage was calculated using equation (11) where the saturation function given in equation (12) was used instead of the sign function. The obtained results, such as average speed, rise time, overshoot and speed fluctuations, for both SMC and MSMC are given in Table 2 . The comparison of the crank velocity for MSMC and the conventional SMC with two zoomed regions including the reaching and sliding phases is shown in Figure 5 . It is seen that the desired velocity is achieved in a short time in the case of MSMC compared to the conventional SMC, as expected. The rise time for MSMC was determined as 0.0269 s and it is 11.5% shorter than that of the conventional SMC. For the MSMC, the change of the slope and the error ratio with time are shown in Figure 6 (a) and (b). It is seen that, while the error ratio is decreasing, the slope increases with time. The slope has a constant value of 100.5 after t r = 0.0293 s because the moving algorithm was terminated at this time. The discontinuous point on the error ratio graph shows that the representative point crosses the desired velocity, that is, the velocity error is zero. It should be pointed out that because these discontinuities occur after the reaching phase this method is not affected. The time t r has a crucial role in the performance of the method. The smaller the value of t r , the longer the reaching time. On the other hand, the larger value of t r may result in a longer tracking time. The sliding surface for the MSMC is also shown in Figure 7 .
Experimental study
An experimental system depicted in Figure 8 was set up in order to examine the effectiveness of the control methods. The crank of the four-bar mechanism is driven by a DC motor without gearbox. The parameters of the mechanism and the DC motor are given in Table 3 . For the data acquisition and motor control, a dSPACE DS1104 R&D real-time controller board was used. It is fully programmable from the MATLAB/ Simulink block diagram environment and all I/O can be configured graphically. After the configuration, the real-time model code can be generated, compiled and automatically downloaded to the DS1104. To drive the motor, an IGBT-based H bridge power convertor was used (Leybold Didactic GmbH, 732 297). The control signal was compared with the ramp function and sent to the DS1104SL_DSP_PWM unit to generate PWM signals for the IGBTs. The angular position and velocity of the crank were measured by a Nemicon NOC-S type 2500 pulse/rev incremental encoder. The block diagram of the real-time control system is depicted in Figure 9 .
First, the system was run without any control by applying a constant input voltage of 30 V to the motor. The experiment was performed for 5 s with a time increment of 0.0002 s. Figure 10 shows the step response of the crank angular velocity such that it fluctuates between 13 and 19 rad/s because of the variable inertia.
Second, the conventional SMC was used to control the velocity of the crank. The desired velocity value of the crank was chosen as 20 rad/s. The system was run and the velocity error was determined by comparing the desired velocity and the velocity data taken from the encoder. The motor control voltage was calculated using the velocity error and its derivative in SMC (a) (b) Figure 6 . Change of (a) slope and (b) error ratio with time, for c 0 = 7 and t r = 0.0293 s.
formulas. The PWM signal was generated by the dSPACE DS1104 controller board and applied to the motor driver. The crank velocity is shown in Figure 11 (a). Unfortunately, in this case, the desired velocity could not be reached, although it is expected in SMC that the velocity error approaches zero asymptotically in a finite time. It is thought that this unexpected behaviour may be due to the motor trigger rate being lower than the sample time of the applied voltage. It is expected in the SMC that the applied voltage changes between the positive and negative peak values. However, as can be seen in Figure 11 (b), the peak voltage value was not reached with few exceptions during the runtime. For this reason, the motor could not reach the desired velocity. In order to avoid damage to the motor, the experiments were not continued for the different SMC parameters. Then the proposed MSMC algorithm was applied to control the system and it was observed that the result was very satisfactory. It is evident from Figure 12 (a) that the velocity reaches the desired value in a very short time. The crank velocity comes to a stable zone in 0.165 s. The rise time is 0.017 s and the velocity fluctuation is vitally reduced such that the velocity fluctuates between 19.50 and 20.45 rad/s despite the overshoot of 17%. Moreover, the chattering is significantly eliminated as shown in Figure 12(b) . These show the efficiency of the proposed MSMC method.
One of the important properties of SMC is that it is insensitive to the change of parameters and to the disturbing effects. In order to show the effectiveness of the MSMC over these effects, two experiments were also carried out. In the first case, a 0.5 kg mass is added to link 4 to simulate the change of parameters without changing the controller parameters used in previous experiment. The velocity and voltage responses of the system are shown in Figure 13 . It is clearly seen that the method is insensitive to parametric variation.
In the second case, a nonlinear unknown force was simulated by touching to the link 4 suddenly when the mechanism was working. In this case, the amplitude of the force and the time duration were not known. The velocity response and the control voltage are shown in Figure 14 . It is seen that the system response is distorted as soon as the force is applied, then the controller stabilizes the crank velocity in about 0.4 s by a large change in control voltage. Note that the experiments were also made for different crank velocities. Similar results were found although the results were not given here for brevity.
Conclusion
In this study, MSMC was adopted for velocity control of a four-bar mechanism driven by a DC motor. Although, in SMC, the slope of the sliding surface is chosen by the user optimally or nonoptimally, it is calculated based on the error state at each integration of time during the reaching phase in the proposed MSMC. The initial values of the slope and the rotating time have a crucial role in the performance of the proposed method. The rise time of the conventional SMC can be chosen as the time of the rotating procedure terminated.
The numerical simulations as well as the experimental studies showed that the MSMC has a smaller reaching time and robust control compared to the conventional SMC. A most important result observed in the experimental study is that, in the SMC, the desired crank velocity was not achieved. It was thought that this may be because the motor trigger rate is lower than the sample time of the applied voltage. On the contrary, in the case of MSMC, the desired velocity was achieved in a short time that shows the efficiency of the MSMC method.
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(a) (b) Figure 14 . (a) Crank velocity and (b) control voltage in the case of unknown force.
The angular velocity of the links 3 and 4 can be calculated as follows
The velocity of the mass centre of the link i (i = 2, 3, 4), v Gi , can be calculated as follows
where u i and v i are the components of the velocity influence coefficient of the mass centre of the link i and they can be determined by differentiating the position variables of the mass centre of the links with respect to the independent variable q 
For the four-bar mechanism, the coordinates of the mass centre of the links are
